SUMMARY
INTRODUCTION
The mammalian lymphatic vasculature transports lymph via lymphatic vessels. Intraluminal lymphatic valves (LVs) within collecting lymphatic vessels ensure the unidirectional flow of lymph toward the junction of the thoracic duct and the jugular and subclavian veins, where the lymphovenous valves (LVVs) regulate lymph return to the blood circulation (Geng et al., lymphedema, obesity, fibrosis, high blood pressure, and angiosarcoma (Harvey et al., 2005; Machnik et al., 2009; Ruocco et al., 2002) . Although palliative approaches such as massages and compression bandages are available, therapeutic approaches to cure lymphedema currently do not exist. Identifying the genetic regulators of the lymphatic vasculature might illuminate strategies to repair damaged vessels and/or valves.
We recently demonstrated the stepwise development of LVVs in mouse embryos . Differentiation of LVV-forming endothelial cells (LVV-ECs) occurs at embryonic day 12.0 (E12.0), concomitant with increased expression of the transcription factors PROX1, FOXC2, and GATA2 in a subset of ECs at the junction of the jugular and subclavian veins. Integrin-α5 and Integrin-α9 are also strongly expressed in LVV-ECs at this stage Turner et al., 2014) . Newly differentiated LVV-ECs delaminate from the venous wall in the luminal direction . Within 12 hr, LVV-ECs reaggregate, invaginate into the vein, and undergo profound elongation perpendicular to the direction of blood flow to form LVVs.
Similar to LVV-ECs, LV-forming ECs (LV-ECs) differentiate with the upregulation of PROX1, FOXC2, and GATA2 in a subset of lymphatic endothelial cells (LECs) within collecting lymphatic vessels (Bazigou et al., 2009; Norrmén et al., 2009; Sabine et al., 2012) . Expression of Integrin-a9 is then upregulated in LV-ECs, which undergo circumferential localization along the rim of the lymphatic vessel (Bazigou et al., 2009; Tatin et al., 2013) . Next, LV-ECs protrude into the lumen of the vessel, forming a circular shelf. Finally, the cells at the inner edge of the circular shelf elongate to touch the vessel wall, forming a dome-shaped bicuspid LV. PROX1, FOXC2, and GATA2 are essential for the differentiation of valvular ECs. Haploinsufficiency of Prox1 abolishes LVV-EC differentiation Srinivasan and Oliver, 2011) , and LV development occurs only in a subset of Prox1 +/− pups (Johnson et al., 2008) . Valvular EC differentiation does not occur in Foxc2 +/− embryos (Petrova et al., 2004) . Foxc2 +/− embryos lack 50%, if not all, LVVs and display reduced numbers of LVs in the skin (but not in the mesentery) (Kanady et al., 2015) . LVVs and LVs are absent in mice lacking GATA2 Kazenwadel et al., 2015) .
Valves develop in locations that are exposed to oscillatory shear stress (OSS). Hence, OSS has been proposed as an upstream regulator of valvular EC differentiation in zebrafish and in mammals (Sabine et al., 2012; Vermot et al., 2009) . Consistent with this model, OSS-treated LECs show enhanced expression of Foxc2 and GATA2, transcription factors that regulate valve development (Kazenwadel et al., 2015; Sabine et al., 2012; Sweet et al., 2015) . We recently showed that Wnt/β-catenin signaling is also necessary for the development of valves . Furthermore, we showed that OSS activates Wnt/β-catenin signaling in LECs and that OSS-mediated expression of GATA2 and FOXC2 is dependent on Wnt/β-catenin signaling . However, important questions regarding Wnt/ β-catenin signaling in lymphatic development remain. How OSS activates Wnt/β-catenin signaling is unknown. The relationship between the lymphatic master regulator PROX1 and OSS is not fully defined. PROX1 enhances Wnt/β-catenin signaling in cancer cell lines (Choi et al., 2016; Liu et al., 2015) . However, the mechanism by which PROX1 enhances Wnt/β-catenin signaling and whether the PROX1 and Wnt axis is relevant for FOXC2 and GATA2 expression in the lymphatic vasculature remains unknown.
RESULTS

OSS Activates Autocrine Wnt/β-Catenin Signaling in LECs In Vitro
Wnt/β-catenin signaling is activated upon the interaction of canonical Wnt ligands with Frizzled receptors and LRP5 and 6 (LRP5/6) co-receptors (Logan and Nusse, 2004) . Wnt ligands induce the phosphorylation of LRP5/6 (Niehrs and Shen, 2010) . We observed increased phosphorylation of LRP6 in primary human LECs (HLECs) exposed to OSS, suggesting that Wnt ligands are involved in OSS-mediated activation of Wnt/β-catenin signaling ( Figure 1A ). To evaluate whether Wnt ligands are important for OSS-mediated FOXC2 and GATA2 expression Kazenwadel et al., 2015; Sabine et al., 2012), we exposed HLECs to OSS in the presence of recombinant (r) DKK1, which inhibits the interaction between LRP5/6 and Wnt ligands (Mao et al., 2001 ). The expression of FOXC2, GATA2, and the positive control AXIN2 was reduced in OSS-exposed HLECs cultured in the presence of rDKK1 relative to controls ( Figure 1B ), indicating that Wnt ligands are necessary for OSS-mediated enhancement of FOXC2 and GATA2 expression.
To determine whether the Wnt ligands that enhance FOXC2 and GATA2 expression are derived from the culture medium or from HLECs, we repeated the OSS experiment in the presence of LGK-974.
LGK-974 is a small-molecule inhibitor of the O-acyltransferase Porcupine, which is dedicated to palmitoylating Wnt ligands (Liu et al., 2013) . Cells do not secrete Wnt ligands in the absence of palmitoylation. As shown in Figure 1C , OSS is unable to activate the expression of FOXC2 and GATA2 in the presence of LGK-974, suggesting that OSS-exposed HLECs secrete canonical Wnt ligands to enhance FOXC2 and GATA2 expression in an autocrine manner.
Autocrine Wnt Signaling in LECs Is Dispensable for Lymphatic Vascular Development
To determine whether autocrine Wnt/β-catenin signaling in LECs regulates lymphatic vascular development in vivo, we aimed to abolish Wnt ligands from LECs. By RNA sequencing (RNA-seq) of Wnt pathway genes, we determined that at least 10 of the 19 Wnt ligands in mammals are expressed in HLECs (Figure S1A-S1C). It is not feasible to delete all of these Wnt ligands from mouse LECs, so we deleted Wntless (Wls), which encodes a multispan transmembrane protein that regulates the secretion of all Wnt ligands (Carpenter et al., 2010; Logan and Nusse, 2004) . Unexpectedly, Lyve1-Cre;Wls f/f mice survived to adulthood without any obvious lymphatic vascular defects such as edema (data not shown) and displayed normal LVVs, LVs, and lymphatic vessel size ( Figures 1D-1L ). These results suggest that LECderived Wnt ligands are dispensable for lymphatic vascular development in vivo. vessels generally migrate along the arteries and veins throughout the body (Liu et al., 2016) . Therefore, we hypothesized that Wnt signals secreted from blood ECs and/or mural cells influence lymphatic vascular development. To test this, we deleted Wls from all ECs using Tie2-Cre. Tie2-Cre;Wls f/f mutants died at E14.5, as reported recently (Franco et al., 2016) .
However, these embryos did not display any obvious edema, and their LVVs appeared normal, indicating that the blood ECs are not the source of LVV-regulating Wnt ligands (data not shown).
RNA-seq analysis of mural cells obtained from mouse aortae indicated the expression of 10 Wnt ligands ( Figure S1D ). We deleted Wls in vascular smooth muscle cells using SM22-Cre and determined that SM22-Cre;Wls f/f mice die perinatally (data not shown). SM22-Cre;Wls f/f possessed LVVs and venous valves (VVs) in the vicinity of LVVs (Figures S2A and S2B, white arrows and yellow arrowheads, respectively). However, E17.5 SM22Cre;Wls f/f embryos displayed dysplastic lymphatic vessels that were dilated and reduced in their ability to migrate to the dorsal midline ( Figures S2C-S2F , S2M, and S2N). Mutant embryos displayed a mild abnormality in vascular smooth muscle cell recruitment to lymphatic vessels ( Figure S2F , arrows). Compared with control littermates, SM22-Cre;Wls f/f embryos had fewer LVs in the mesenteric lymphatic vessels (Figures S2G, S2H, and S2O) . Interestingly, VEGFR3 expression was not upregulated in the remaining PROX1 high ;FOXC2 high mesenteric LV clusters of SM22-Cre;Wls f/f embryos, indicating a defect in LV maturation ( Figures S2G-S2L , yellow arrows). Thus, Wnt ligands from vascular smooth muscle cells regulate lymphatic vascular development. However, because the lymphatic vascular defects are not fully penetrant in the SM22-Cre;Wls f/f embryos, other sources of Wnt ligands likely exist.
We hypothesized that vascular smooth muscle cell-derived Wnt ligands complement LECderived Wnt ligands during lymphatic vascular development. To test this hypothesis, we first examined whether a Wnt agonist could enhance OSS-mediated Wnt/β-catenin signaling in HLECs. We cultured HLECs in the presence of OSS, the Wnt agonist 6-Bromoindirubin-3'oxime (BIO) (Sato et al., 2004) , or both and evaluated FOXC2 expression. We observed stronger upregulation of FOXC2 in HLECs exposed to both OSS and BIO than with either treatment alone ( Figure 2A ). Thus, a Wnt agonist could enhance OSS-mediated Wnt/β-catenin signaling to upregulate FOXC2 expression.
To examine whether vascular smooth muscle cell-derived Wnt ligands complement LECderived Wnt ligands in vivo, we generated SM22-Cre;Lyve1-Cre;Wls f/f embryos in which Wls is deleted in both vascular smooth muscle cells and LECs. First we confirmed that SM22-Cre;Lyve1-Cre;R26 +/tdTomato embryos display efficient Cre-dependent labeling of both cell types ( Figure S3 ). We found that E14.5 SM22-Cre;Lyve1-Cre;Wls f/f embryos have gross edema and lack LVVs (Figures 2B and 2C, arrows; data not shown). LVVs and VVs were absent in E16.5 SM22-Cre;Lyve1-Cre;Wls f/f embryos (data not shown). Mesenteric LVs were absent in E18.5 SM22-Cre;Lyve1-Cre;Wls f/f embryos ( Figures 2D-2G) . Furthermore, whole-mount immunohistochemistry (IHC) showed that the mutant lymphatic vessels were more dilated, had fewer branch points, had migration defects, and were devoid of filopodia ( Figures 2H-2M ). Thus, LECs complement vascular smooth muscle cells in providing Wnt ligands that are essential for lymphatic vascular development.
We did not observe any obvious changes in capillary density in SM22-Cre;Wls f/f or SM22-Cre;Lyve1-Cre;Wls f/f embryos (data not shown). We also did not observe any obvious changes in vascular smooth muscle cell coverage on major arteries or veins in these mutants. The diameters and branch points of capillaries and major vessels also appeared to be grossly normal. Interestingly, we observed that the major arteries and veins were avoiding a small region along the midline of Sm22-Cre;Wls f/f embryos ( Figure S4 ). Importantly, this defect is not obviously aggravated in Sm22-Cre;Lyve1-Cre;Wls f/f embryos. This observation suggests that the more severe lymphatic defects that are seen in Sm22-Cre;Lyve1-Cre;Wls f/f embryos (compared with Sm22Cre;Wls f/f embryos) are not likely due to blood vascular defects.
Wnt/β-Catenin Signaling via LRP5/6 Is Necessary for Lymphatic Vascular Development
Deletion of Wls abolished both canonical (Wnt/β-catenin) and non-canonical (planar cell polarity and calcium) Wnt signaling pathways. To specifically examine Wnt/β-catenin signaling during lymphatic vasculature development, we deleted LRP5 and LRP6 in LECs using Lyve1-Cre. Lrp double-heterozygous (Lyve1-Cre;Lrp5 +/f ;Lrp6 +/f ) or singlehomozygous (Lyve1Cre;Lrp5 f/f or Lyve1-Cre;Lrp6 f/f ) mice survived to adulthood, as did mice lacking up to 3 alleles of Lrp. However, Lyve1-Cre;Lrp5 f/f ;Lrp6 f/f pups did not survive past birth (data not shown). We observed mild edema in a subset of E14.5 Lyve1Cre;Lrp5 f/f ;Lrp6 f/f embryos ( Figure 3B ). Unlike E16.5 control embryos, E16.5 Lyve1-Cre;Lrp5 f/f ;Lrp6 f/f embryos lacked LVVs and VVs ( Figures 3D and 3E) . Surprisingly, Lyve1-Cre;Lrp5 f/f ;Lrp6 f/f E18.5 embryos had normal-looking lymphatic vessels in the dorsal skin and mesentery ( Figures 3H, 3K , and 3N) and displayed LVs within the lymphatic vessels ( Figures 3H, 3K , and 3N, arrows, and 3P). We considered that the normal lymphatic vessels and LVs in Lyve1-Cre;Lrp5 f/f ;Lrp6 f/f embryos arise from residual Wnt/β-catenin signaling; for instance, because of incomplete Lyve1-Cre-mediated deletion of Lrp5 f/f ;Lrp6 f/f or insufficient depletion of LRP proteins after genetic deletion. To reduce any residual Wnt/β-catenin signaling downstream of LRP5/6, we deleted one allele of Ctnnb1 in the LRP5/6-null background. No obvious defects were observed in the major blood vessels or blood capillaries in the dorsal skin or mesentery of Lyve1-Cre;Lrp5 f/f ;Lrp6 f/f or Lyve1-Cre;Ctnnb1 +/ ;LRP5 f/f ; LRP6 f/f embryos (data not shown). However, Lyve1-Cre;Ctnnb1 +/ ;LRP5 f/f ;LRP6 f/f embryos were severely edematous ( Figure 3C ) and lacked LVVs ( Figure 3F ). They also lacked LVs in the dorsal skin and in the mesenteric lymphatic vessels ( Figures 3I, 3L , 3O, and 3P). Their dorsal skin displayed an increase in the diameter of lymphatic vessels and the space without lymphatic vessels ( Figures 3Q and 3S) . Furthermore, vascular smooth muscle cells were abnormally recruited to the lymphatic vessels of Lyve1-Cre;Ctnnb1 +/ ;LRP5 f/f ;LRP6 f/f embryos ( Figures 3L and 3R) . Finally, FOXC2 expression was dramatically downregulated in the LECs of mutant embryos ( Figure  3O ). PROX1 expression was also modestly reduced in the tip cells of Lyve1-Cre;Ctnnb1 +/ ;LRP5 f/f ;LRP6 f/f embryos (data not shown). These phenotypes are similar to the Lyve1-Cre; Ctnnb1 f/f embryos we reported previously . However, the lymphatic vessels are more dilated in Lyve1-Cre; Ctnnb1 f/f embryos. The reason for this difference remains to be investigated.
In summary, autocrine and paracrine Wnt ligands from LECs and vascular smooth muscle cells signal via LRP5/6 to regulate lymphatic vascular development.
Prox1 Genetically Interacts with Wnt/β-Catenin Signaling in Lymphatic Vascular Development
To evaluate the role of the master regulator PROX1 in autocrine Wnt/β-catenin signaling in lymphatic vascular development, we deleted Wls in LECs using Prox1 +/Cre . Prox1 +/Cre mice are hap-loinsufficient for Prox1, given that one allele of Prox1 is replaced with the cDNA encoding GFPCre (Srinivasan et al., 2010) . Thus, Prox1 +/Cre mice are devoid of LVVs and have reduced numbers of LECs (Srinivasan and Oliver, 2011) . We found that the Prox1 +/Cre ;Wls f/f embryos were obtained at less than the expected frequency, and none survived past birth (data not shown). The migration of lymphatic vessels toward the dorsal midline is not significantly different between Prox1 +/Cre and Prox1 +/Cre ;Wls f/f embryos (data not shown). However, a-smooth muscle cell-actin + (αSMA + ) vascular smooth muscle cells abnormally surround the lymphatic vessels in Prox1 +/Cre ;Wls f/f embryos, likely resulting in lymphatic vascular dysfunction ( Figure 4C ). These results further support the role of autocrine Wnt/β-catenin signaling in the lymphatic vasculature and suggest that PROX1 might be positively regulating this pathway. However, a contribution of Wnt ligands from other PROX1 + cells, such as cardiomyocytes or hepatocytes, cannot be excluded.
To extend our discovery of the crosstalk between PROX1 and Wnt/β-catenin signaling during lymphatic vasculature development, we generated double heterozygote Prox1 +/Cre ;Ctnnb1 +/f embryos and pups (Brault et al., 2001; Srinivasan et al., 2010) . These mice would reveal the role of PROX1 in both autocrine and paracrine Wnt/β-catenin signaling. At E18.5, from a total of 180 embryos, we observed normal numbers of Prox1 +/Cre embryos (23.8%) but fewer than expected numbers of Prox1 +/Cre ;Ctnnb1 +/f littermates (17.2%). Whole-mount IHC using the dorsal skin of Prox1 +/Cre ;Ctnnb1 +/f embryos revealed poorly patterned lymphatic vessels with abundant αSMA + cell coverage (Figures 4D, arrowhead, and 4E) . This phenotype is highly reminiscent of Foxc2 −/− embryos (Petrova et al., 2004) , suggesting that FOXC2 might be a target of PROX1 and Wnt synergy. Consistent with this possibility, we observed substantially reduced FOXC2 expression in the LECs of Prox1 +/Cre ;Ctnnb1 +/f embryos ( Figure 4H ). Additionally, Foxc2 and Axin2 expression was reduced in Prox1 +/Cre LECs compared with wild-type LECs sorted from E17.5 embryos ( Figure 4I ) and even further reduced in LECs from Prox1 +/Cre ;Ctnnb1 +/f embryos.
Soon after birth, 81.8% of the Prox1 +/Cre pups developed chylous ascites (leakage of milk in the gut, Figure S5E ). Only 18.2% Prox1 +/Cre pups developed both chylous ascites and chylothorax (milk in the pleural cavity; data not shown), whereas 66.7% of Prox1 +/Cre ;Ctnnb1 +/f pups developed both ( Figures S5C and S5F ). We first characterized the LVVs of surviving wild-type, Prox1 +/Cre , and Prox1 +/Cre ;Ctnnb1 +/f littermates at post-natal day 5 (P5). Although Prox1 +/Cre embryos lack LVVs and VVs Srinivasan and Oliver, 2011) , four of the seven surviving Prox1 +/Cre pups developed normal LVVs and VVs ( Figure S5H , arrows and yellow arrowheads, respectively). Three of the seven animals had one LVV instead two (data not shown). In contrast to Prox1 +/Cre littermates, three of the four Prox1 +/Cre ;Ctnnb1 +/f pups lacked LVVs and VVs ( Figure S5I ) and one mutant lacked VVs, although it had a small opening at the LVV-forming region (data not shown).
At P21, from a total of 300 pups, Prox1 +/Cre and Prox1 +/Cre ; Ctnnb1 +/f pups were observed at 14.3% and 7.3% frequency, respectively (both were expected at 25% frequency). Despite the dramatic defects at the embryonic and early postnatal stages, the surviving Prox1 +/Cre and Prox1 +/Cre ;Ctnnb1 +/f animals developed LVs in their popliteal lymphatic vessels ( Figure   S5J ; data not shown). To evaluate the function of LVs in a quantitative manner from adult wild-type, Prox1 +/Cre , and Prox1 +/Cre ;Ctnnb1 +/f mice, we utilized a recently described ex vivo, cannulated vessel approach (Lapinski et al., 2017 ; Figure S5K ). Although LVs of Prox1 +/Cre mice are comparable with control littermates, some LVs of Prox1 +/Cre ;Ctnnb1 +/f mice are leaky ( Figure S5L ). In addition, most LVs of Prox1 +/Cre ;Ctnnb1 +/f are partially incompetent (requiring higher pressure to close) ( Figure S5M ). Overall, our data reveal more substantial defects in the LVVs and LVs of Prox1 +/Cre ;Ctnnb1 +/f mice relative to Prox1 +/Cre mice.
In summary, the phenotypic similarities between Prox1 +/Cre ; Ctnnb1 +/f and Prox1 +/Cre ;Wls f/f mice suggest that PROX1 genetically interacts with autocrine and paracrine Wnt/β-catenin signaling in LECs to support lymphatic vascular patterning, valve development, and LV functioning.
PROX1 Is Necessary and Sufficient for Wnt/β-Catenin Signaling-Dependent FOXC2 and GATA2 Expression in the Lymphatic Vasculature
To evaluate the role of PROX1 in Wnt/β-catenin signaling, we first compared the Wnt responses of HLECs, which express PROX1, with blood vascular ECs, which do not express PROX1. We found that OSS, recombinant Wnt3a (rWnt3a), and BIO all enhanced the expression of AXIN2, FOXC2, and GATA2 in HLECs ( Figures 5A, 5B , and S6A). The prolymphangiogenic receptor tyrosine kinase VEGFR3 and the fatty acid oxidation pathway regulator CPT1a, which are known targets of PROX1 in LECs, were not affected by OSS, rWnt3a, or BIO (data not shown; Petrova et al., 2002; Srinivasan et al., 2014; Wong et al., 2017) . Thus, Wnt/β-catenin signaling activates a specific set of genes in LECs. OSS activates Wnt/β-catenin signaling in PROX1 blood vascular ECs (Li et al., 2014) , and we found that OSS, rWnt3a, and BIO enhanced the expression of AXIN2 in PROX1 human umbilical vein ECs (HUVECs) (Figures 5A, 5B, and S6A). However, OSS, rWnt3a, and BIO did not trigger upregulation of GATA2 or FOXC2 in HUVECs (Figures 5A, 5B, and S6A). These data suggest that upregulation of GATA2 and FOXC2 via Wnt/β-catenin signaling requires an additional factor that is present in HLECs but not in HUVECs.
To determine whether PROX1 is the factor that cooperates with Wnt/β-catenin signaling to activate the expression of FOXC2 and GATA2, we ectopically expressed PROX1 in HUVECs and exposed the cells to either OSS ( Figure 5C ) or BIO ( Figure 5D ). We found that OSS exposure enhanced FOXC2 expression in PROX1 + HUVECs compared with PROX1 -HUVECs ( Figure 5C ) and that BIO treatment similarly enhanced FOXC2 and GATA2 expression ( Figure 5D ). To determine whether Wnt/β-catenin signaling is required for PROX1-mediated regulation of FOXC2, we utilized the Wnt antagonist iCRT3, which inhibits the interaction between β-catenin and TCF/LEF transcription factors (Gonsalves et al., 2011) . We found that FOXC2 expression is inhibited by iCRT3 in both static and OSS-treated PROX1 + HUVECs ( Figure 5C ). Thus, PROX1 promotes the induction of FOXC2 and GATA2 in HUVECs via Wnt/β-catenin signaling.
To evaluate whether PROX1 is required for Wnt/β-catenin signaling-mediated induction of FOXC2 and GATA2 in HLECs, we used RNAi to generate PROX1 knockdown HLECs.
Specifically, we infected HLECs with lentiviruses expressing distinct short hairpin RNAs (shRNAs) targeting PROX1 (sh-PROX1#1 and sh-PROX1#2) and confirmed reduced expression of PROX1 and its target genes VEGFR3 and CPT1a ( Figure S6B ). In contrast to control cells, OSS, rWnt3a and BIO did not induce FOXC2 or GATA2 in PROX1 knockdown cells ( Figures 5E, 5F , and S6C).
Together, our data suggest that Wnt/β-catenin signaling requires PROX1 to enhance FOXC2 and GATA2 expression in HLECs.
PROX1 Physically Interacts with β-Catenin and TCF7L1
We noticed that expression of the constitutive Wnt/β-catenin target genes AXIN2, cMYC and cJUN was also reduced in PROX1 knockdown HLECs relative to controls ( Figure 6A ).
To extend these findings, we performed TOPFlash-luciferase reporter analyses in 293T cells (Korinek et al., 1997) . Activation of Wnt/β-catenin signaling leads to β-catenin nuclear translocation, where it interacts with TCF/LEF transcription factors to activate target genes containing TCF sites. The TOPFlash-luciferase reporter contains wild-type TCF upstream of luciferase. We found that PROX1 was sufficient to activate the TOPFlash reporter and that co-expression of PROX1 with β-catenin synergistically activated the TOPFlash reporter ( Figure 6B ). In contrast, a mutant FOPFlash reporter, which contains mutated TCF/LEF binding sites, did not respond to PROX1 ( Figure 6B ). Further, co-expression of AXIN, a key component of the β-catenin destructive complex (Logan and Nusse, 2004) , or of a dominantnegative form of TCF7L2 (DN-TCF7L2) that associates with the DNA but not with β-catenin because of N-terminal deletion (Korinek et al., 1997) , both antagonized PROX1-dependent TOPFlash reporter activity ( Figures 6C and 6D ). These results indicate that PROX1 might be regulating the core components of Wnt/β-catenin signaling.
PROX1 has been shown to upregulate β-catenin expression in hepatocellular carcinoma cell lines (Liu et al., 2015) . However, we did not observe significant changes in β-catenin expression in PROX1 knockdown HLECs or in PROX1 + HUVECs relative to controls (data not shown). Several transcription factors and cofactors interact with β-catenin to control cell fate during development (Fiedler et al., 2015; Olson et al., 2006; Sustmann et al., 2008) . To investigate whether PROX1 interacts with β-catenin, we performed co-immunoprecipitation (coIP) analyses. We found that FLAG-tagged PROX1 interacts with Myc-tagged β-catenin in 293T cells ( Figure 6E ). Further, endogenous PROX1 and β-catenin interact by coIP in HLECs ( Figure 6F ), and treatment of HLECs with BIO enhanced the PROX1/β-catenin interaction in a time-dependent manner ( Figure 6G ).
We previously showed that β-catenin directly associates with the regulatory elements of FOXC2 in BIO-treated HLECs . To investigate whether PROX1 associates with FOXC2 regulatory elements, we performed chromatin immunoprecipitation (ChIP). Indeed, we found that PROX1 associates with the β-catenin binding site in FOXC2 in BIO-treated HLECs ( Figure 6H ). This result suggests that Wnt/β-catenin signaling triggers the recruitment of the PROX1/β-catenin complex to the regulatory elements of FOXC2.
Nuclear β-catenin associates with TCF/LEF transcription factors to activate its target genes (Schuijers et al., 2014) . There are four TCF/LEF factors in mammals: TCF7, TCF7L1, TCF7L2, and LEF1 (Logan and Nusse, 2004) . Our RNA-seq data revealed that TCF7L1 and TCF7L2 are expressed in HLECs ( Figure S1A ). By qRT-PCR and by IHC, we verified that TCF7L1 is expressed in mouse embryonic LECs (data not shown). A mutant of TCF7L1, DN-TCF7L1, associates with DNA but not with β-catenin and, thus, disrupts Wnt/β-catenin signaling. Most TCF7L1 ΔN/ΔN embryos develop a severe edematous phenotype (Wu et al., 2012 ). We did not observe any obvious blood vascular defects in the dorsal skin or mesentery of TCF7L1 ΔN/ΔN embryos (data not shown). However, we found that TCF7L1 ΔN/ΔN embryos lacked LVVs and VVs ( Figures 7A and 7B , arrows and yellow arrowheads, respectively). The dermal lymphatic vessels of TCF7L1 ΔN/ΔN embryos were dilated, and their migration was defective ( Figures 7C-7F and S7A-S7D) . Further, αSMA + mural cells were abnormally recruited to the lymphatic vessels of the skin in TCF7L1 ΔN/ΔN embryos (Figures 7H, yellow arrowheads, and 7I), and LVs did not form in dorsal skin and mesenteric lymphatic vessels ( Figures 7J-7L and S7E-S7H). Thus, TCF7L1 ΔN/ΔN embryos phenocopy embryos lacking β-catenin or it target FOXC2, suggesting that this TCF contributes to most of the Wnt/β-catenin signaling in the developing lymphatic vasculature. However, we cannot exclude a noncell-autonomous role for TCF7L1 during lymphatic vascular development.
Next we determined whether the TCF7L1-β-catenin interaction is necessary for OSSinduced Wnt/β-catenin signaling in HLECs. Indeed, we found that ectopic expression of DNTCF7L1 inhibited OSS-mediated induction of AXIN2, FOXC2, and GATA2 in HLECs, suggesting that the TCF7L1-β-catenin interaction underlies the OSS response in HLECs ( Figure 7M ). TCF/LEF transcription factors directly associate with DNA and activate genes in a β-catenin-dependent manner. Given our observation that β-catenin physically interacts with PROX1, we asked whether PROX1 also interacts with TCF7L1. We performed a coIP assay with 293T cells expressing PROX1 and/or FLAG-tagged TCF7L1 and observed an interaction between PROX1 and FLAG-TCF7L1 ( Figure 7N ). Interestingly, FLAGTCF7L1 enhanced the interaction between PROX1 and β-catenin. To determine whether PROX1 interacts with TCF7L1 directly or indirectly through β-catenin, we performed the coIP assay using epitope-tagged FLAG-ΔN-TCF7L1. We found that PROX1 did not interact with ΔN-TCF7L1, suggesting that the PROX1TCF7L1 interaction requires β-catenin ( Figure 7N ). These data suggest that PROX1 forms a transcriptional complex with β-catenin and TCF7L1.
In summary, these results support a model in which PROX1 is required for Wnt/β-catenin signaling during development of the lymphatic vasculature. PROX1 interacts with β-catenin and TCF7L1 in a Wnt/β-catenin signaling-dependent manner, and both β-catenin and PROX1 target FOXC2 in the lymphatic vasculature.
DISCUSSION
Here, we show that development of the lymphatic vasculature requires Wnt ligands derived from LECs and vascular smooth muscle cells. Our work also shows that PROX1 cooperates with Wnt/β-catenin to activate GATA2 and FOXC2 and other Wnt/β-catenin target genes in LECs. This mechanism is at least in part mediated by the interaction of the PROX1/β-catenin/ TCF7L1 complex on the regulatory elements of FOXC2. Our results are summarized in Figure S8 .
Lymphatic Vasculature-Specific Roles of Wnt Signaling
In the intestinal epithelium, Paneth cells are considered the source of Wnt ligands that regulate the differentiation and proliferation of epithelial stem cells in ex vivo organoids (Sato et al., 2011) . However, abolishing Wnt secretion from Paneth cells does not significantly affect intestinal epithelial homeostasis in vivo (Kabiri et al., 2014) . Stromal cells that are located near the intestinal crypts produce Wnt ligands and compensate for the loss of Paneth cell-derived Wnt ligands (Kabiri et al., 2014) . In a similar manner, although autocrine Wnt/β-catenin signaling is sufficient for activating the expression of FOXC2 and GATA2 in vitro, Wnt ligands from vascular smooth muscle cells play a complementary role in vivo.
Wnt/β-catenin signaling controls context-dependent gene regulation. For example, Wnt3a induces the expression of 355 genes in NIH 3T3 cells but only 129 genes in PC12 cells. Furthermore, only two of the Wnt-induced genes are common between the two cell lines (Railo et al., 2009) . Likewise, although β-catenin activates Cyclin-D1 expression in neural progenitor cells, it activates the expression of neurogenin-2 but not Cyclin-D1 in neurons (Qu et al., 2013) . Similar to these findings, we have now identified FOXC2 and GATA2 as target genes of Wnt/β-catenin signaling in LECs but not in blood ECs. The transcription factor PROX1 is necessary for this tissue-specific response.
We have shown that TCF7L1 interacts with PROX1 and β-catenin. Furthermore, we have shown that the dominant-negative form of TCF7L1 inhibits lymphatic vascular development. The dominant-negative form of TCF7L1 likely inhibits the transcriptional activity of all TCF/LEF transcription factors. In addition to TCF7L1, TCF7L2 is expressed in HLECs ( Figure S1A ). Whether TCF7L1 and TCF7L2 can compensate for each other in LECs remains to be elucidated.
Shear Stress and Lymphatic Vascular Development
Lymph flows in a reciprocating manner within the lymphatic vessels, with LVs ensuring that net lymph flow is forward (Sweet et al., 2015) . OSS generated by lymph flow was proposed to regulate the maturation of lymphatic vessels and the development of LVs (Sabine et al., 2012; Sweet et al., 2015) . Targets of OSS in LECs include the lymphedema-associated transcription factors FOXC2 and GATA2, the gap junction protein Connexin 37 (CX37), integrin-a9 (ITGA9), and ephrin-B2, all of which are necessary for lymphatic vessel morphogenesis and/or LV formation. OSS activates the transcriptional activity of HDAC3 to enhance GATA2 expression (Janardhan et al., 2017) . Nevertheless, technical difficulties have limited our insight into the role of OSS during lymphatic vascular development, and some differences exist between the "OSS model" and in vivo observations (Geng et al., 2017) .
Hence, it is important to evaluate the significance of OSS during lymphatic vascular development by using a combination of in vitro assays and genetic tools. Our in vitro assays show that OSS promotes Wnt/β-catenin signaling through Wnt ligands. OSS does not seem to increase the expression of Wnt ligands (data not shown) but might promote their secretion. Our in vivo data suggest that OSS-mediated, autocrine Wnt/β-catenin signaling in LECs is complemented by paracrine signaling via vascular smooth muscle cell derived Wnt ligands. In vivo, LECs are always exposed to some form of OSS (Sweet et al., 2015) . It is possible that OSS-exposed LECs represent the "natural ground state" of LECs upon which extrinsic signals act and promote further differentiation. In support of this possibility, Wnt agonists promote a much stronger expression of FOXC2 compared with OSS ( Figure 2A ).
PROX1, the Master Regulator of Lymphatic Vascular Development
PROX1 is the most upstream regulator of lymphatic vascular development. Prox1 −/− mice lack LECs, and deleting even one allele of Prox1 is sufficient to cause lymphatic vessel hypoplasia and prevent the formation of VVs and LVVs Harvey et al., 2005; Johnson et al., 2008; Srinivasan and Oliver, 2011) . Lymphatic valve development is also compromised in Prox1 +/− mice (Johnson et al., 2008) . Here, we have shown that PROX1 associates with the β-catenin complex to enhance Wnt/β-catenin signaling and to regulate the expression of GATA2 and FOXC2. Interestingly, Wnt/β-catenin signaling enhances PROX1 expression in LECs . Therefore, there is a feedback loop operating between PROX1 and Wnt/β-catenin signaling, which could explain the higher levels of PROX1 expression in valvular ECs.
Feedback loops are routinely used during organogenesis to establish lineage identity (Ptashne, 2007) . We and others previously reported a feedback regulation between PROX1 and its downstream target VEGFR3 during the differentiation of LECs from venous ECs (Koltowska et al., 2015; Srinivasan et al., 2014) . VEGFR3 signaling is critical for the growth and patterning of lymphatic vessels. However, whether VEGFR3 is important for valve formation is currently unclear. VEGFR3 is strongly expressed in LVs but only modestly expressed in LVV-ECs and VVs (Bazigou et al., 2009; Geng et al., 2016) . VEGFR3 expression is not properly upregulated in Sm22Cre;Wls f/f embryos. The relationship between the Wnt/β-catenin and VEGFR3 signaling pathways remains to be elucidated. Nevertheless, it is interesting that PROX1 is at the center of two critical signaling pathways. We speculate that PROX1 functions as a hub where various input signals are integrated to determine the proper output. PROX1 might be regulating this process at least in part by its protein interaction network. PROX1 interacts with β-catenin, ETS transcription factors, the orphan nuclear hormone receptor COUP-TFII, and the mechanosensory transcription factor KLF2 in LECs (Choi et al., 2017; Srinivasan et al., 2010; Yoshimatsu et al., 2011) . It is conceivable that subtle changes in the composition of the PROX1 complex, which are initiated by the input signals, lead to distinct outcomes.
In summary, our work further strengthens the prevailing idea that PROX1 is a master regulator of lymphatic vascular development (Bixel and Adams, 2008; Hong and Detmar, 2003) . We propose that PROX1 controls the development of some tissues by acting as a tissue-specific co-regulator of Wnt/β-catenin signaling. Further genomic, proteomic, and systems biology approaches are needed to characterize the relationship between PROX1 and Wnt/β-catenin signaling. REAGENT (Srinivasan et al., 2010 are exposed to an OSS shear stress of 0.3 dynes/cm 2 . The entire experiment was performed inside a sterile humidified incubator with 5% CO 2 for 48 h.
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Cell sorting-Mouse LECs were isolated from the dorsal skin of E17.5 embryos using a modified version of the protocol described previously (Kazenwadel et al., 2012) . Briefly, embryonic skins were dissected in HBSS with 10 μM HEPES and 5% FBS. The isolated skins were individually incubated 10 mL digestion solution (DHF: DMEM/20%FCS/10 μM HEPES) containing Collagenase B (0.05%), Dispase II (2.5U/ml) and DNase I (50mg/ml) at 37C for 30 min. The tissues were sequentially passed through 19, 21 and 24 gauge needles. Skin samples were filtered through a 40 mm cell strainer and rinsed with 2 volumes of icecold DHF. Mixed cells from the skins were incubated with goat anti-mouse VEGFR3 biotinylated antibody (R&D Systems, Minneapolis, MN, USA) for 10 min and diluted with 20 volumes MACS Buffer (PBS, 2 mM EDTA, 5% FBS). Cell suspension was incubated with 100 mL of anti-biotin micro beads (Miltenyi Biotec, Bergisch Gladbach, Germany) for 10 min. Subsequently cells were sorted by MACS MS columns according to manufacturer's instructions (Miltenyi Biotec, Bergisch Gladbach, Germany).
Chromatin Immunoprecipitation-ChIP assays were performed using EZ-ChIP kit (MilliporeSigma, Burlington, MA, USA) according to the manufacturer's instructions. Briefly, 1.0 X 10 7 HLECs (Lonza) at 90% confluency were treated with DMSO or Bio (0.5 μM) for 3 hours. Subsequently, HLECs were fixed in 1% formaldehyde for 10 min at room temperature and glycine at a final concentration of 0.125 M was added for 5 min. Cells were washed with 20 mL of cold PBS twice (ten minutes each) and harvested. Cells were lysed and sonicated as described previously described . Chromatin immunoprecipitation was performed using 3.0 mg of rabbit anti-PROX1 (AngioBio, San Diego, CA, USA) or 1.0 mg of rabbit IgG antibody (Santa Cruz Biotechnology, Dallas, TX, USA). QRT-PCR was performed as described our previous report using primers flanking the predicted TCF/LEF sites or control sites. Primer sequences are provided in the Table S1 .
IHC-IHC on sections and whole mount IHC were done according to our previously published protocols Geng et al., 2016) . Briefly, for cryosections we collected embryos and fixed them in 4% PFA overnight at 4°C. The embryos were washed three times (10 minutes each) in cold PBS. Embryos were transferred to 15% sucrose and incubated overnight at 4°C. Subsequently, the samples were transferred to 30% sucrose and incubated at 4°C until they are completely immersed in the solution. Embryos were then cryo embedded in OCT solution (Sakura, Tokyo, Japan). 12 μm cryosections were prepared using a cryotome and IHC was performed using the indicated antibodies.
Embryos were analyzed at E13.5, E14.5, E15.5, E16.5 and E18.5 and data from one representative stage is presented. At least three controls and three mutants are analyzed per stage. Embryos are sectioned in dorsal to ventral orientation along the entire width of the jugular vein. Several consecutive 12 mm sections are analyzed to determine whether LVVs and VVs are present or absent or reduced in size.
Whole-mount IHC using embryonic skins or guts was performed according to our previously published protocol . Embryos were harvested and fixed in 1% PFA overnight at 4°C. Then, skins and guts were isolated and additionally fixed in 1% PFA for 1 hour. Subsequently, samples were immunostained using the iDISCO protocol with small modifications (Renier et al., 2014) . Specifically, PFA fixed tissues were not pretreated with methanol and they were not cleared after immunostaining. Samples were visualized and analyzed as described previously .
Immunoprecipitation and western blotting-Cells were lysed in lysis buffer (20mM Tris-HCl (pH 7.5), 150mM NaCl, 1.0% Triton X-100, 20mM NaF, 2mM EDTA, 2mM Naorthovanadate, 1mM phenylmethylsulfonyl fluoride (PMSF), 5 mg/ml leupeptin A). Lysates were cleared by centrifugation for 15 min at 15,000 g and the supernatant was collected and used for immunoprecipitation and immunoblotting. Protein concentration was measured using BCA protein assay kit (Thermo Fisher Scientific, MA, USA). Immunoprecipitations were performed as previously described (Cha et al., 2011) . Briefly, 600 -1000 mg of cell lysate was incubated overnight with the appropriate antibodies overnight at 4C. The immunoprecipitates were resolved by SDS-PAGE and analyzed by immunoblotting using standard protocols. Luciferase reporter assays-Luciferase assays protocol was as described previously (Cha et al., 2011) . To measure luciferase activity HEK293T cells were cotransfected with TOPFlash or FOPFlash luciferase reporter plasmids together with PROX1, β-catenin, AXIN or ΔN-TCF7L2 expression plasmids. X-tremeGene 9 DNA Transfection Reagent (Roche, Mannheim, Germany) was used according to manufacturer's instruction for transfection. pTK-Renilla (Promega, Madison, WI, USA) as an internal control to determine transfection efficiency. Luciferase activity was measured 36 hr later using Dual luciferase reporter assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions.
RNA isolation and quantitative real-time PCR-Total RNA from mouse lymphatic ECs, HLECs or HUVECs was purified using Trizol (Invitrogen, Carlsbad, CA, USA) according to manufacturers instructions. cDNA was synthesized from total RNA (0.1 -1.0 μg) with iScript Advanced cDNA Synthesis Kit (BioRad, Hercules, CA, USA). QRT-PCR was performed using PowerUp SYBR Green Master Mix reagent (Applied Biosystems, CA, USA) in a CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA). Expression levels were normalized to GAPDH. Primer sequences are provided in the Table S1 .
Scanning Electron Microscopy-SEM was performed according to our previous protocol . Embryos were fixed in 4% PFA overnight and vibratome sections were prepared to dissect the LVV-containing regions. The selected sections were fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer for 2 hours. After washing profusely in PBS, the sections were post fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 2 hours. Subsequently, the samples were dehydrated by sequentially washing in increasing concentrations of ethanol. The sections were further dehydrated in hexamethldisilazane (HMDS) and allowed to air-dry overnight. Dry sections were sputter-coated with Au/Pd particles (Med-010 Sputter Coater by Balzers-Union, USA) and observed under Quanta SEM (FEI, Hillsboro, OR, USA) at an accelerating voltage of 20KV.
Valve-Function Tests-LV leakiness and competence were quantified using recently described ex vivo, cannulated-vessel approach (Lapinski et al., 2017 ) ( Figure S5K ). Briefly, with the LV closed, the output pressure (P out ) determined by the output cannula was gradually increased (0.5 to 80 cm H 2 O) while keeping the input pressure (P in ) constant. The internal pressure behind LVs is measured with a servo nulling micropipette (P sn ). Elevated P sn implies LV leakiness. Starting with the valve open, P in was held constant while P out was gradually increased to determine when the LV closes. Dysfunctional valves require higher P out to close.
QUANTIFICATION AND STATISTICAL ANALYSIS
For biochemical studies the number n refers to the number of times the experiment was performed. For histochemical analysis n refers to the total number of animals included per group. Statistically significant differences were determined using unpaired t test. Prism software was used for statistical analyses. Data are reported as mean ± SEM with significance set at P < 0.05. n and p values for each experiment is provided in the figure legends.
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Refer to Web version on PubMed Central for supplementary material. (H-I´) (H) and (I) are higher-magnification images of the boxed areas in (H´) and (I´), respectively. The lymphatic vessels of the dorsal skin are dilated in mutant embryos. The distance between the opposing migrating fronts is higher in SM22-Cre;Lyve1-Cre;W/s f/f embryos (magenta bars in I'). Additionally, fewer branchpoints are observed in the lymphatic vessels of mutant embryos.
(J-M) The number of mesenteric LVs per lymphatic vessel is quantified in (J). The lymphatic vessels of the dorsal skin were analyzed, and the distance between the migrating fronts (K), diameters of lymphatic vessels (L), and the number of branchpoints (M) were quantified. Scale bars, 100 mM (B, C, and F-I), 200 mM (H' and I') , and 250 mM (D and E). Statistics: (A), n = 3; (B)- (M) , n = 4 per genotype; ***p < 0.001, ****p < 0.0001. Error bars in graphs represent ± SEM. (F and F', arrows) . Fewer LVs and downregulated FOXC2 expression are observed in Prox1 +/Cre embryos (G and G', arrowhead) . A more dramatic downregulation of FOXC2 expression is observed in the LECs of Prox1 +/Cre ;Ctnnb1 +/f embryos (H and H') .
(I) LECs were isolated from the dorsal skin of E17.5 embryos. RNA was isolated, and realtime qPCR was performed for Foxc2 and Axin2.
Scale bars, 200 mM (A-D) and 100 mM (F-H) . Statistics: (A)-(H), n = 4 per genotype; (I), n = 3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars in graphs represent ± SEM. (C and D) PROX1 provides competence to HUVECs to respond to OSS and Wnt/β-catenin signaling and enhance the expression of FOXC2 and GATA2. HUVECs were infected with lentiviral particles expressing GFP or human PROX1 for 48 hr. Subsequently, the cells were exposed to (C) OSS for 48 hr or to (D) the Wnt agonist BIO for 12 hr.
(C) PROX1-expressing HUVECs were cultured under static or OSS conditions with or without the Wnt antagonist iCRT3. Western blot was performed to quantify FOXC2
